Correlations of solvent solubility parameters with molar attraction constants and with properties like surface tension, dipole moment, and index of refraction have been explored. From relations found to be valid for solvents, it is possible to calculate the solubility parameters for polymers. A relation between the dispersion contribution to the surface energy of polymers (a measurable quantity) and the dispersion solubility parameter of polymers has been found which is similar to a relation established for low molecular weight substances.
INTRODUCTION
Predicting the energy of mixing of solvents and polymers from properties of the pure substances is a n alluring prospect. In recent years, good progress has been made with methods based on the solubility parameter concept proposed by Hildebrand and others.' This theory relates the energy of mixing to the energies of vaporization of the pure components: However, many of the solvents and polymers in common use are polar, i.e., have dipole moments and/or capabilities for hydrogen bonding. It is clear that these factors should be included in the theory.
The first step was made by Prausnitz et aL12s3 who divided the energy of vaporization into a nonpolar, dispersion part and a polar part. They were able to calculate a nonpolar solubility parameter A and a polar solubility parameter r. Hansen4s5 divided the polar part r into a dipole-dipole contrihution and a hydrogen bonding contribution, both of which could be determined through solubility 1163 This theory has been developed for mixing of nonpolar substances. I n this article, we will use the notation introduced 62 = 6 d 2 f 6, ' f 6h2
(2) where 6 d = solubility parameter due to dispersion forces, 6, = solubility parameter due to dipole forces, and 8h = solubility parameter due to hydrogen bonding (or in general due to donor-acceptor interactions).
Chen6 showed that the contribution to the energy of mixing in polymer solutions caused by dispersion forces and dipole forces could be taken together to one enthalpy correction parameter X H (a Flory-Huggins-type correction parameter), which, together with the &'s, could describe the solubility characteristics.
The two last-mentioned theories produce good predictions for the solubility of polymers.
The determination of the solubility parameters of many substances, however, is still a difficult and laborious undertaking. A new approach in recent literature has been to find correlations between solubility parameters 6 ( 6 d , 6,, 6 , ) and other physical properties of the substance. I n this work we have explored possible correlations of the solubility parameters with molar attraction constants and with properties like surface tension,. dipole moment, and index of refraction. Since it is obvious that not all contributions to molecular interactions affect both AE,,, and the physical properties mentioned in a parallel way, our main purpose was to improve existing relationships between them.
RELATION BETWEEN SURFACE TENSION AND COHESIVE ENERGY DENSITY
Using a Lennard-Jones potential for the interaction between the molecules, one can derive7 in which y L = surface tension, n, = coordination number in the surface layer, n = coordination number in the bulk phase, a = cross-sectional area per molecule, and E = minimum potential in a L-J potential curve. If the area per molecule is proportional to Vm*", as for spherical molecules, and if AEvap (= Vm. C.E.D.) is proportional to E, the following relation holds
in which A is a constant. These derivations make use of a spherical symmetric type of potential around a molecule, in most cases explicitly a Lennard-Jones potential. This potential, however, is not valid for interactions between molecules in polar substances," i.e., This relation has also been derived by some other appro ache^.'^^^^^'^ substances where dipole-dipole and hydrogen bonding forces act. Hence eq. (5) is found to be valid for nonpolar liquids only.
Beerbowerlo used the division of the different contributions to the C.E.D. according to Hansen5 in a computer analysis and arrived a t the following relationships, rewritten in the form of eq. (5) : 6 d 2 + 0.632 6p2 + 0.632 6h2 = 13.9 ( $)l'ayL for nonalcohols (6) 6 d 2 + 6p2 + 0.06 6 h 2 = 13.9 ( k ) y L for most alcohols
and 6d2 + 26p2 + 0.481 6h2 = 13.9 (it;)'".. for acids, phenols and amines (8)
I n our least-squares analysis of solvent data, we find that the relation fits practically all substances listed in Table I , with a correlation coefficient of 0.99 and a standard error of estimate 5.6 for 6d2 + 6,2 (Fig. 1) . Exceptions are some cyclic compounds, acetonitrile, carboxylic acids, and polyfunctional alcohols. in this relationship, which is also valid for monofunctional hydrogen bonding substances, is probably the fact that the interactions responsible for liquid-vapor interfacial energy do not involve the breaking of hydrogen bonds; see also eq. (7). Bagley et al. l1 showed recently that the contribution to the cohesive energy from hydrogen bonds depends on temperature only, at least a t pressures not too far removed from atmospheric. The contributions of dispersion and dipolar forces are shown to be volume dependent." When the vapor pressure a t an
The reason for the absence of interface has moderate values, y L therefore depends only on dispersion and dipolar forces. These forces also determine the internal pressure of a liquid" P , = 6 d 2 + so eq. (9) is in fact a relation between internal pressure and surface tension.
On the other hand, in the expression for the C.E.D. (C.E.D. = Sd2 + 6,2 + 6h2 = AE,,,/V,), 6h cannot be omitted, since during evaporation of liquids toward dilute vapor, hydrogen bonds are being broken. Hence a relation between C.E.D. and y L , eq. ( 5 ) , is not to be expected, unless 6h = 0. Equation (9), of course, is not valid for polyfunctional alcohols which can from three-dimensional "networks" in bulk but not in the surface region. The other substances that deviate from eq. (9) have solubility parameters which are placed rather arbitrarily, l 3 especially the carboxylic acids and cyclic compounds.
The 6 parameters of cyclic molecules, being assessed by solubility experiments on polymers, are even more uncertain; these molecules "exhibit enhanced interaction affinity compared to flexible aliphatic molecules, because they act to separate the polymer chains and thus reduce interchain forces. l 4 In view of the uncertainties in the solubility parameters,* especially in 6, and 6h, eq. (9) applied to all types of solvents is just as accurate in predicting y L values as the three Beerbower relations (6)-(S) for separate series of solvents.
The contribution of the dispersion forces is nearly the same in both approaches; generally this contribution is the most important one. Equation (9) is applicable to substances with zero 6, values (hydrocarbons) and to those with finite 6, and 6 h values (polar molecules). This suggest that relations of the form where yLd = part of y L due to dispersion forces, and where y L p = part of y L due to dipole forces, might be valid.
For a check of these relationships, yLd values have been determined by application of the homomorph concept: A homomorph is a hydrocarbon counterpart of the same size and shape, a t the same reduced temperature T, = T/Tcriticnl (TandT,,inK).
From literature data on hydrocarbons, l 5 a homomorph chart for yLd has been constructed ( Fig. 2) 6 The equation obtained by leastsquares analysis of data from Table I1 is ( Fig. 1) with a correlation coefficient 0.99 and standard error of estimate 3.5.
* See for a discussion on this matter reference 16. We have used Hansen's tables unless otherwise stated. I n view of the fair agreement between the value of the numerical constant in equations (9) and (12) 
CALCULATION OF THE DISPERSION CONTRIBUTION WITH MOLAR ATTRACTION CONSTANTS
From tables of molar attraction constants of characteristic groups in molecules, l8 it is possible to estimate the solubility parameter with the equation where F , = molar attraction constant of a specific group i. Since Hansen4 has made a separation in contributions to the C.E.D., one should expect the following relationships to hold:
where Fld, F,,, Fih are the molar attraction constants for dispersion-, dipole-, and hydrogen-bond forces, respectively.
Dispersion Contribution F,,
We have derived the molar attraction constants for the dispersion contributions F i d with the help of 6 d values taken from H a n~e n .~.~ Results are given in Table 111 . The constants appear to be truly additive, within the errors inherent to the determination of 8d values by the homomorph concept and by solubi1it.y experiments as performed by Hansen (up to 1 Hildebrand unit in 
Polar Contribution F,
As an example of a polar group, the -OH alcohol group was chosen. The molar attraction constants calculated with 6, ' s appear to be of constant magnitude when only one -OH group is present in the molecule. When two or more of these groups are present in the same molecule, the contribution of each -OH group to the attraction constant F,,-(OH) decreases considerably (Table   IV) .
This, of course, can be expected to depend on the distance and mutual orientation of the groups. Therefore it is not possible to define molar attraction constants for dipole forces when more than one polar group is present in the molecule. 
Contribution of H-Bonds F,,
The energy of a special type of hydrogen bond En can be taken as a constant,1g For the energy of which may be different for different H-bonded compounds. one -OH group, Hansen5.l3 used 5000 cal/mole and he found 
where A is the number of -OH groups in the molecule. Since ZF,, = V , 6, = d V , 5000 A , the molar attraction constant Fih for a H-bonding group in a homologous series would depend on molar volume, which makes H-bonding contributions to F f intractable. Equation (1s) can be used, however, if the energies for different types of H bonds or acceptor/donor complexes are known. 20 We can conclude from this section that (a) the molar dispersion attraction constants F f , d (Table 111 ) enable one to calculate 6 d for liquids and polymers; (b) since constant values for F i , p and F,,h cannot be defined, the prediction of the total solubility parameter 6 from attraction constant contributions is of limited value.
RELATION BETWEEN INDEX OF REFRACTION ( n D ) AND 81
SewelP has already searched for a relationship between the C.E.D. and the index of refraction. The main idea is that the interaction energy between nonpolar molecules is dependent on the polarizability (London dispersion forces). The polarizability can, on the other hand, be described by the Lorentz-Lorentz equation:
where nD = refractive index, N = number of molecules per cc, and a = average polarisability per molecule.
Sewell found a correlation between the C.E.D. and (nD2 -l)/(nD2 + 2 ) with C.E.D. values calculated from Small's tables.18s28 Using the separation of C.E.D. in three contributions, we expect a relationship between 66 and nD even for polar substances, in which relation the interference of polar and hydrogen bonding forces has vanished.
The right-hand side of eq. (19) is almost a linear function of nD in the region of nD values observed (nD between 1.3 and 1.6). This is also true for nD2 (see Fig. 3 ) and therefore one of these functions can be used with equivalent results. The relation found to be valid here for the substances of Table V is This dependence on V , has not been evaluated in this study because of the minor importance of this factor in the range of molar volumes studied. For more accurate studies, however, incorporation of this dependence of V , might be recommendable. 
RELATION BETWEEN THE DIPOLE MOMENT ( p ) AND 6,
I n order to calculate the contribution of permanent dipoles to the cohesive energy density, Hansed has used the formula proposed by B O t t~h e r~~:
where e = dielectric constant and p = dipole moment.
Another, and more simple empirical relationship has been proposed by Beerbower :I6
When the statistical thermodynamical derivation of Bonn and van Aartseng is used, including the Keesom potential for dipole-dipole interaction (which in fact is not justified),12 the following relation can be found:
Empirically we found a linear relationship between 6, and the square root of the right-hand side of eq. (23) :
When 6, values are taken from Han~en,~*'* we found for 59 solvents (Table V) with a correlation coefficient 0.97 and a standard error of estimate 0.50. We may conclude here that either of the relations (24a) or (22a) can be used to calculate 6 , values.
APPLICATION TO POLYMERIC SYSTEMS
Applying the relations found in the preceeding sections to polymeric systemS we have been able to predict 6d values for polymers from nD and F , data, respectively. If the dipole moment of the polymer is known, we are able to predict 6, of the polymer also. Furthermore, since a particular type of hydrogen bond appears to have a constant energy, we can calculate ah from this energy and the molar volume of a segment, using eq. 18.
Dispersion Contribution to the C.E.D. for Polymers from F,, and nD
In Fig. 4 . Relation between dispersion part of the surface tension and the solubility parameters for polymers.
Relation Between 6d2 and y,d for Polymers
I n the case of polymers, the molar volume derivations based on spherical molecules are not valid, and therefore one cannot use the factor (l/Vm)l'a from eq. (5). W U~~ has proposed an approach for polymers in which he used an effective cross-sectional area to obtain the factor between the C.E.D., calculated with attractive constantslZ8 and the y e value of Z i~m a n .~~ Equation (5) Table VI have been used. The constant A found by least-squares fitting has the value 3.4; because of a different geometric factor, this constant deviates from the one found in eq. (12) . The correlation is good, but more data are necessary and we hope that they will become available soon. Polar Contribution to the C.E.D. for Polymers, 6, The measured average dipole moments of polymers26 are generally 70-90% of the dipole moments of the corresponding monomer unit. For polymer p values.not to be found in the literature, we have estimated the dipole moment a t 80% of the dipole moment of the monomer.
The 6, ' s calculated with eq. (24a) are given in 
DISCUSSION
In the foregoing sections, we have discussed relations between solubility parameters and other physical properties, and the possibility of determining the solubility parameters with additive constants. From the relations established, it is possible to determine the solubility parameters (8, , 6 d , 6,) for solvents and polymers. Especially for the latter group of substances, this is a very important result, because otherwise time-consuming determinations (solubility or swelling experiments) must be made.
We have demonstrated that only the dispersion contribution to the C.E.D. can be calculated with a molar attraction constant. The values of F f d which we found for -CH3 and -CH2-equal those reported by Allen, Gee, and Wilson32 for n-alkanes. The value of 8d for polyethylene calculated with these values also compare quite well with the value obtained by extrapolation of the 6d of nalkanes to infinite chain length. 32 The literature values for F , l 8 used in the calculation of the total solubility parameter always represent some kind of compromise, especially when hydrogen bonds occur. The solubility parameters calculated with these values can be considered as highly approximate only. For nonpolar substances, these 6 values are apparently too low. Our solubility parameter components ( 6 6 , 6 , , 6,) for polymers have been calculated from relationships based on solvent data of Hansen. Therefore, it is better to compare our values with his. 33 This is possible by making plots of solubility spheres similar to those Hansen used to obtain his values. Because 8d values especially cover only a narrow range (6, = 7-10), the solubility spheres are usually occupied only for a small part by coordinates ( a d , 6 ,, 6 h ) of solvent solubility parameters. It is therefore possible to envelope these points by a solubility sphere with different center coordinates (&, 6 , , 6h of the polymer) and a different radius. When the radius increases, the center coordinates must shift in the direction of the empty part of the solubility sphere.
Although the polymer solubility parameters given by H a n~e n~~ can therefore be only approximate, his method of plotting can be used to check polymer 6 values obtained in different ways: these values have to be the center of a solubility sphere which envelopes the coordinates of the solvents in which the polymer is soluble, and which excludes the coordinates of the nonsolvents. The values given in Table VI satisfy this condition. The difference between 8d from F , and from n, in Table VI is within the confidence limit of twice the standard error of estimate (-0. 6 Hildebrand) .
Although solubility parameters are a very helpful instrument to estimate polymer swelling and solubility, it should be emphasized that they reflect the attractive forces in the pure substances only. Interactions not expected by combining separate &parameter values may arise, especially so for hydrogen bonds.
Chen6 has shown that upon mixing, the dispersion and dipolar forces can be taken together to one parameter xu and that the hydrogen-bonding forces need to be taken into consideration separately. Donor-acceptor complexes are known to be formed when an electron donor group can come into contact with an acceptor group. I n a pure substance which is of electron-donating type, 6h may be small. When, however, this substance is mixed with a substance which is electron accepting (also 6h small), strong hydrogen bonds will be the result.
We feel that these shortcomings of the solubility parameter theory can be overcome if it becomes possible to extend Drago'sS5 theory for the prediction of the enthalpy of donor-acceptor complexes to solvent and polymer-solvent mixtures.
